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HIGHLIGHTS 


►  A  design  to  preheat  and  premix  the  reactants  with  porous  medium  in  the  reforming  process. 

►  Biomass  derived  gas  is  used  for  reforming  for  SOFCs  and  MCFCs. 

►  Excess  enthalpy  is  achieved  by  internal  heat  recirculation  with  porous  medium  installed  in  the  front  of  reactor. 

►  The  improvement  in  reforming  efficiency  is  33.9%  with  the  C02/CH4  of  1.0  and  02/CH4  of  0.75  by  using  an  OBSiC  porous  medium. 
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Dry  autothermal  reforming  (DATR)  from  biomass  derived  gas  (BDG)  under  excess  enthalpy  with  porous 
medium  (PM)  is  investigated  in  this  study.  Preheating  reactant  by  internal  heat  recirculation  of  a  PM  may 
enhance  the  reaction  of  input  mixture  and  improve  production  of  H2-rich  syngas.  Temperature  distri¬ 
bution  of  catalyst  and  fuel  conversion  efficiency  are  studied  with  various  feeding  rates  of  reactant  and  PM 
under  high-temperature  and  carbon-rich  conditions.  Fuel  conversion  and  H2-rich  syngas  selectivity  are 
improved  by  reactant  preheating  with  increased  enthalpy  of  reactant  by  the  heat  transfer  stored  in  PM. 
Control  parameters  include  methane  feeding  rate,  C02/CH4  and  02/CH4  molar  ratios,  and  PM  material. 
Experimental  results  indicate  that  reformate  gas  temperature  with  PM-assisted  dry  autothermal 
reforming  is  higher  than  the  equilibrium  adiabatic  temperature.  The  results  are  helpful  to  understand  the 
internal  heat  recirculation  under  excess  enthalpy  reaction.  In  the  reforming,  it  not  only  provides  the 
required  energy  for  a  self-sustaining  reaction,  but  also  enhances  fuel  conversion  efficiency.  The 
improvements  in  methane  conversion  efficiency  is  18%,  energy  loss  percentage  20.7%,  and  reforming 
efficiency  33.9%,  respectively  with  the  best  parameter  settings  by  an  OBSiC  PM.  Additionally,  the  theo¬ 
retical  production  is  calculated  by  the  HSC  Chemistry  software  (ChemSW  Software,  Inc.). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

CO2  is  the  main  source  of  greenhouse  gases.  The  strategy  of  CO2 
mitigation  includes  reduction,  recycling,  reusing,  and  storage. 
Among  them,  CO2  reduction  is  the  most  beneficial  method,  which  is 
achieved  using  low-carbon  fuels  and  alternative  energy.  Biomass- 
derived  gas  (BDG)  is  not  only  a  low-carbon  fuel,  but  also  a  valu¬ 
able  source  of  alternative  energy.  Recently  published  papers  related 
to  energy  policy  and  sustainable  energy  indicated  that  several 
countries  are  promoting  low-carbon  energy  from  BDG  [1,2]. 
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BDG  is  mainly  made  from  biogas,  landfill  gas,  digester  gas,  and 
flue  gas.  The  gas  composition  is  complex  and  variable.  BDG  would 
be  a  promising  source  of  alternative  energy  if  properly  managed.  If 
BDG  is  combusted  directly,  the  methane  mixed  with  carbon  dioxide 
would  proportionally  decrease  the  laminar  flame  speed  and  adia¬ 
batic  flame  temperature  with  a  high  concentration  of  C02.  In 
contrast,  if  BDG  is  converted  into  H2-rich  syngas  by  a  reforming 
process,  the  adiabatic  flame  temperature  would  be  elevated  with 
high  CO  concentration,  and  laminar  flame  speed  would  be 
increased  substantially  with  high  H2  concentration  in  the  syngas 
[3].  Thus,  carbon  sources  from  greenhouse  gases  can  be  used  to 
produce  hydrogen-rich  gas  fuels.  It  not  only  has  advantages  in  fuel 
economy,  but  also  has  essential  benefits  in  CO2  reduction.  More¬ 
over,  syngas  has  various  applications,  such  as  co-fire  for  internal 
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combustion  engines  [4,5]  and  combustors,  fuel  for  high- 
temperature  fuel  cells  (such  as  SOFC  and  MCFC)  [6],  and  synthesis 
of  liquid  fuels  [7]  or  high-value  chemicals  [8]. 

Dry  reforming  is  a  suitable  approach  for  BDG  fuel  processing  to 
produce  hydrogen.  Fisher  and  Tropsch  initiated  the  investigation  on 
dry  reforming  by  methane  with  CO2  [9].  Flowever,  it  is  a  high- 
temperature  and  carbon-rich  reaction.  The  deactivation  of  catalysts 
caused  by  sintering  and  coking  inhibited  commercial  development. 
Related  studies  in  dry  reforming  are  increasing  worldwide  because  of 
the  advantages  dry  reforming  offers,  and  increasing  greenhouse 
problems.  In  recent  years,  catalyst  selection  has  experienced  prelimi¬ 
nary  progress  in  dry  reforming,  including  the  catalyst  material  [10], 
washcoat  material  [11,12],  surface  analysis  technology,  decoking  ability 
[13],  the  mechanism  of  carbon  formation  on  catalysts  [14],  and  catalyst 
preparation  methods.  In  the  catalyst  material,  noble  metal  catalysts  are 
more  suitable  for  dry  reforming  reactions  than  others  because  of  the 
high  activity  and  the  ability  of  carbon  resistance.  Ashcroft  et  al.  [10] 
investigated  the  catalyst  activity  and  carbon  formation  in  dry  reform¬ 
ing  with  several  catalysts,  and  proposed  the  active  level  in  descending 
order,  as  follows:  Ir  >  Rh  >  Ni  >  Pd  >  Ru,  and  the  carbon  deposition 
level  in  descending  order,  as  follows:  Ni  >  Pd  >  Rh  ~  Ru  ~  Ir.  FIou  et  al. 
[13]  indicated  that  noble  metal  catalysts  (Pt,  Ru,  Rh,  Ir)  have  a  higher 
carbon  resistance  ability  than  Ni  and  Co  catalysts.  Although  the  cata¬ 
lytic  activity  of  Ni  competes  with  those  of  precious  metals,  it  exhibits 
carbon  deposition  in  the  reforming  process.  Flowever,  use  of  the  Rh 
catalyst  as  a  promoter  verified  the  improvement  in  Ni  reducibility, 
which  may  prevent  carbon  deposits  on  the  catalyst  and  also  enhance 
the  activity  of  the  catalyst.  Alkaline  earth  metal  oxide  catalysts  were 
confirmed  to  have  excellent  conversion  characteristics  and  high 
stability.  Ruckenstein  et  al.  [11  ]  found  that  the  NiO/MgO  catalyst  was 
less  likely  to  cause  a  CO  disproportionation  reaction  by  using 
a  temperature  programmed  desorption  -CO  test.  Floriuchi  et  al.  [12] 
indicated  that  the  catalyst  may  inhibit  carbon  deposition  by  alkaline 
earth  metal  addition  because  it  may  reduce  the  dehydrogenation  of 
methane  by  the  Ni  catalyst. 

Carbon  formation  on  the  catalyst  surface  may  be  prevented  by 
oxygen  addition.  However,  due  to  effect  of  strong  metal-support 
interaction  (SMSI),  the  extensive  catalyst  (Pt)  sintering  occurred 
when  the  sample  was  pre-treated  in  an  oxidizing  environment. 
Therefore,  the  excessive  amount  of  oxygen  affects  catalyst  (Pt) 
dispersion,  thereby  affecting  the  activity  of  the  catalyst  [15]. 
Furthermore,  the  oxidant  and  reactants  should  be  mixed 
uniformly;  otherwise,  it  may  have  a  strong  oxidation  reaction  in  the 
catalyst  upstream,  and  cause  the  problem  of  catalyst  sintering.  It 
would  also  cause  the  problem  of  carbon  deposition  under  carbon- 
rich  conditions  in  catalyst  downstream  [16]. 

Dry  reforming  is  a  carbon-rich  and  endothermic  reaction.  In 
addition,  the  molecule  of  carbon  dioxide  is  a  double-bond  structure; 
therefore,  bond  breaking  is  difficult.  It  must  provide  external  heating 
or  oxygen  addition  to  supply  the  required  energy  for  reaction; 
otherwise,  the  active  sites  of  the  catalyst  would  be  sintered  and 
aggregated  when  temperature  distribution  is  inhomogeneous.  In 
the  previous  study,  combustion  efficiency  was  improved  by  pre¬ 
heating  the  inlet  fuel  mixture  [17].  In  general,  the  preheating 
methods  may  be  divided  into  two  types;  that  is,  including  internal 
preheating  and  external  preheating.  For  external  preheating,  a  heat 
exchanger  is  used  for  heat  transfer  by  thermal  conduction.  However, 
this  method  has  the  disadvantage  of  equipment  complexity  and 
operating  costs.  It  is  unsuitable  for  miniaturization  application  [18]. 
In  the  past,  the  internal  preheating  method  was  used  to  circulate 
high-temperature  exhaust  gas  back  to  the  combustion  zone  to 
increase  intake  temperature.  However,  this  method  may  dilute  the 
reactant,  thereby  limiting  the  range  of  reforming  reaction. 

Fig.  1  shows  a  concept  of  internal  heat  recirculation  [19,20].  As 
shown  in  the  concept  schematic  diagram,  heat  loss  may  cause 


Fig.  1.  The  heat  transfer  mechanism  by  internal  heat  recirculation  (modified  after 
Ref.  [20]). 

a  decrease  in  catalyst  temperature  in  the  reforming  process  if  the 
reactant  is  not  preheated.  Reactant  preheating  by  internal  heat 
recirculation  with  a  porous  media  may  enhance  the  oxidation 
reaction,  and  the  temperature  may  be  higher  than  the  adiabatic 
flame  temperature.  Consequently,  this  method  not  only  provided 
the  thermal  energy  required  for  a  self-sustaining  reaction,  but  also 
improved  fuel  conversion  efficiency  and  syngas  production.  In 
recent  years,  several  researchers  proposed  the  extension  of  the 
flammability  limit  of  premixed  flame  with  porous  media  burner 
(PMB)  [21-23].  They  preheated  the  reactant  species  and  improved 
flame  stability  using  internal  heat  recirculation  and  flame  stabili¬ 
zation  mechanism  evaluated  by  the  Peclet  number  [24,25]. 

Consequently,  this  study  focused  on  a  novel  design  of  porous- 
catalyst  hybrid  reactor  for  dry  autothermal  reforming.  The  internal 
flow  of  the  porous  media  arrangement  in  this  study  differs  from  that 
in  the  combustor  and  catalytic  bed  reactor.  It  combined  the  benefits 
of  the  porous  media  and  catalyst,  such  as  enhancing  the  preheating 
reactant  by  heat  recirculation  and  improving  syngas  selectivity  with 
the  surface  reaction  of  the  catalyst.  The  comparison  of  porous  media 
and  catalyst  is  listed  in  Table  1.  The  porous  media  adopted  in  the  flow 
field  have  several  advantages,  such  as  the  reactants  not  being  mixed 
with  the  products;  porous  media  can  be  used  as  a  built-in  heat 
exchanger;  a  wide  operating  range  of  flammability  limits;  and  the 
characteristic  of  high  flame  stability.  Thus,  the  heat  transfer  between 
gas  and  solid  phases  can  be  enhanced,  which  is  favorable  to  the 
mixing  effect  of  the  intake  species.  Thus,  this  study  investigated  the 
effect  of  excess  enthalpy  on  reforming  reaction  by  using  a  porous 
medium  to  preheat  the  reactants  in  the  reforming  process.  This 
would  considerably  enhance  the  reforming  reaction  and  improve 
H2-rich  syngas  production.  With  these  advantages,  the  reaction 
chamber  may  achieve  an  arrangement  with  simplification  and  high 
energy  density  by  internal  heat  recirculation. 


2.  Relative  calculations 

Eqs.  (1)  and  (2)  are  the  theoretical  reactions  while  Eq.  (3)  is  the 
actual  reaction  equation,  x,  y,  a,  b ,  d,  e,/,  g  and  j  are  stoichiometric 


Table  1 

Reactor  design  and  arrangement  of  fuel  converter. 


Porous  burner 

Reformer 

Novel  design 

Preheating  zone 

Porous  media 

N/A 

Porous  media 

Reaction  zone 

Porous  media 

Catalyst 

Catalyst 

Reaction  mechanism 

Gas  phase 

Surface 

Gas  phase  +  surface 

Reaction  temperature 

>1200 °C 

800  °C 

<1000 °C 

Conversion  efficiency 

High 

Low 

High 

Syngas  selectivity 

Low 

High 

High 

Reforming  efficiency 

Media 

Medium 

High 

Reference 

[22,23] 

This  study 

This  study  (with  PM) 
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factors  in  the  actual  reaction,  and  A  is  the  proportionality  constant, 
respectively. 

CH4  +  C02— >2H2  +  2CO  AH-tgg  =  247.3  kj  mole1  (1) 

CH4  +  0.5O2— >2H2  +  CO  A H298  =  -35.6  kj  mole-1  (2) 


where  in  Eqs.  (6)-(8),  LHVh2,  lhvco  and  LHVsimuiated  fuel  are  the 
lower  heating  values  of  hydrogen,  carbon  monoxide  and  simulated 
BDG,  respectively;  AH  represents  the  change  of  enthalpy  of  reac¬ 
tion;  and  rhH2,  mco  and  msimulated  fuel  are  the  mass  flow  rates  of 
hydrogen,  carbon  monoxide  and  simulated  BDG,  respectively. 

3.  Experimental  set-up  and  method 


CH4  +xC02  +y(02  +  3.76N2)  — >A(aCH4  +  b  C02  +  dH2  +  eCO 
+/N2)  +  gH20  +jC 

(3) 

The  energy  recirculation  can  be  calculated  by  Eq.  (4)  [19].  The 
equilibrium  adiabatic  temperature  was  calculated  by  Eq.  (5). 

Tf 

J  mcpdT  =  Qc  +  Qa  =  Hf  -  H0  (4) 

To 

X>(*f  +  M).  =  YJne(Vi  +  M)e 

i  =  CH4,C02,02,N2; 

e  =  CH4,C02,02,N2,H2,C0,  H20,C  (5) 

In  Eq.  (4),  To  and  Tf  are  the  initial  and  final  temperatures, 
respectively;  cp  is  the  constant  pressure  specific  heat;  Qc  and  Qa  are 
the  heat  release  from  chemical  energy  conversion  and  energy 
added  during  the  reaction,  respectively;  Hf  and  H0  are  the  enthalpy 
of  _reaction  and  enthalpy  of  reference,  respectively.  In  Eq.  (5), 
n,  h ^  and  A h  represent  the  number  of  kilogram-moles,  enthalpy  of 
formation  and  enthalpy  change  of  species  e  and  i  for  the  products 
and  reactants,  respectively. 

The  energy  loss  percentage,  reforming  efficiency  and  thermal 
efficiency  can  be  calculated  as  follows: 

Energy  loss  percentage  =  |TU,fS^ - )  x  100%  (6) 

yLHVsimuiatecj  fuej J 


Preforming 


mH2  LHVh2  +  rhcoLHVco 

^simulated  fuelLHVsimuiatec[  fuei 


x  100% 


(7) 


^thermal  — 


mH2LHVH2  +  rhcoLHVco  +  rhcH4LHVcH4  w  inno/ 

T  TT\  r  X  i\jyJ7o 

^simulated  fuel  V  simulated  fuel 


(8) 


3.1.  Experimental  set-up 

The  experimental  apparatus  included  a  reforming  unit,  reactant 
supply  system,  data  acquisition  system,  gas  sampling/analyzing 
system.  The  schematic  of  experimental  arrangement  is  shown  in 
Fig.  2.  The  reforming  unit  consisted  of  the  reactant  nozzle,  mixing 
chamber,  preheating  zone  of  porous  media,  catalyst  reaction  bed, 
arc  ignition  device  and  products  collection  zone.  In  order  to 
enhance  the  mixing  of  reactants  in  the  limited  space,  the  reactants 
were  fed  into  the  reaction  chamber  with  a  tangential  flow  to  induce 
the  swirling  flow.  Furthermore,  the  sudden-expansion  design  in  the 
mixing  chamber  was  also  to  enhance  the  mixing  of  reactants.  The 
porous  medium  was  installed  in  the  upstream  of  the  catalyst  to 
preheat  the  reactants  by  heat  recirculation.  The  geometry  of  the 
medium  also  had  the  effect  to  enhance  the  mixing  of  intake  reac¬ 
tants.  The  thermo-physical  property  and  the  specifications  of  the 
porous  media  are  shown  in  Table  2.  The  porous  media  could  be 
divided  into  two  kinds  of  structures,  including  ceramic  foam  and 
honeycomb.  The  types  of  material  composition  include  oxide- 
bonded  silicon  carbide  (OBSiC),  Alumina  oxide  (Al203),  Zirconia 
oxide  (PSZT),  Cordierite  and  metallic  alloy  (Fe-Cr-Al).  The  porosity 
of  ceramic  foam  structure  is  ranged  from  80  to  85%,  such  as  OBSiC, 
Al203  and  Zr02,  with  the  pore  size  of  15  PPL  The  honeycomb 
structures  of  Cordierite  and  metallic  alloy  are  both  in  the  cell 
density  of  200  CPSI.  In  addition,  the  thickness  of  PMs  is  22  mm  in 
this  study. 

Because  the  experiment  is  for  hydrogen  production  by  reform¬ 
ing,  pure  silicon  carbide  could  cause  the  oxidation  and  hydroge¬ 
nation  reactions  under  high  temperature  conditions  [26],  which 
would  affect  the  media  structural  stability.  Therefore,  the  silicon 
carbide  with  metal  oxide  was  adopted  to  avoid  the  oxidation  and 
hydrogenation  in  this  study,  and  thereby  increased  the  heat 
capacity  of  silicon  carbide. 

The  catalyst  was  a  commercialized  Pt-Rh/Al203-Ce02.  The 
weight  ratio  of  Pt/Rh  is  5,  and  catalyst  loading  amount  (g  ft-3)  is  50. 
The  cells  per  square  inch  are  about  200,  and  the  diameter  of  catalyst 
bed  is  46.2  mm.  The  catalysts  made  of  metallic  monolith  (Fe-Cr-Al) 
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Fig.  2.  Schematic  of  the  experimental  set-up. 
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Table  2 

Thermo-physical  property  and  specifications  of  porous  media. 
Materials  Ceramic  foam 


OBSiC  A1203 


Composition 

45— 55%-SiC, 

15— 20%-A1203, 

30-35%  (3A1203— 2Si02) 

99.5%  A1203 

Max.  usage  temperature,  °C 

1500 

1700 

Unit  diameter,  mm 

(p50 

(p50 

Unit  thickness,  mm 

22 

22 

Porosity,  % 

00 

* 

0 

00 

80-85 

Pore  per  inch,  PPI 

15 

15 

Cell  per  square  inch,  CPSI 

- 

- 

Bulk  density,  gem-3 

0.6 

0.6-0.79 

Heat  capacity,  Jkg-1I<-1 

670 

880 

Thermal  conductivity,  Wm  T<  1 

77-126 

20-40 

Thermal  shock 

23 

3 

□ 

PSZT 

97%-Zr02, 

3%-Mg 

1760 

cp50 

22 

80-85 

15 


0.84-1.12 
400 
1.8— 2.5 
1 


Honeycomb 

Cordierite 

MgO — AI2O3 — Si02 


1360 

cp50 

22 


200 


Metallic  alloy 
Fe-Cr-Al 


1420 

cp50 

22 


200 


with  low  pressure  drop,  high  strength  and  high  thermal  conduc¬ 
tivity  are  favorable  to  the  transient  response  and  rapid  cold  starting. 
Arc  generator  consisted  of  spark  igniter  (NGK  CR8EGP)  and  DC 
power  supply  (Glassman  EQ  series).  It  was  to  provide  the  ignition 
energy  required  for  initiating  the  reaction  during  cold  starting.  Gas 
collection  zone  was  used  to  collect  the  products  for  analysis.  The 
reformate  gas  was  cooled  to  separate  the  liquid/gas  phases  by 
a  cooling  unit  with  a  fin-and-tube  heat  exchanger.  After  cooling 
process,  the  residual  moisture  was  absorbed  by  drying-agent  (SiC^) 
to  prevent  the  liquid  species  to  pollute  or  even  damage  the  analyzer. 
A  mass  flowmeter  (Brooks  Instrument  Model  5850S,  made  in  USA) 
was  used  to  determine  the  feeding  rate  and  molar  ratio  of  the 
reactants.  The  catalyst  temperature,  reactant  feeding  rate  and  real¬ 
time  concentration  of  products  were  recorded  by  a  data  acquisi¬ 
tion  system.  In  order  to  know  the  temperature  gradient  in  the 
autothermal  reforming  reaction,  the  reaction  temperatures  were 
measured  in  the  upstream,  middle-stream  and  downstream  of  the 
catalyst,  respectively.  A  gas  chromatographer  (Agilent  GC-6850)  was 
used  for  determining  the  gas  species  in  the  products.  An  emission 
analyzer  (Horiba  MEXA-584L)  was  used  for  the  real  time  monitoring 
of  the  gas  emissions,  such  as  CO,  CO2,  02-..etc. 

3.2.  Experimental  method 

This  study  focused  on  the  heat  recirculation  characteristics  of 
the  porous  media,  which  transferred  the  heat  to  the  reactants  in  the 
catalyst  upstream  and  thereby  preheated  the  reactants,  so  that  the 
intake  enthalpy  was  elevated.  Fig.  3  demonstrated  the  schematic  of 
heat  recirculation  of  porous  medium  for  assisting  reforming.  The 
porous  medium  was  installed  in  the  upstream  of  the  catalyst 
reaction  zone.  It  could  be  found  in  the  figure  that  catalytic  reaction 
zone  could  transfer  the  heat  to  porous  medium  by  radiation. 
Between  the  catalytic  reaction  zone  and  porous  medium  preheat¬ 
ing  zone,  the  heat  was  transferred  by  conduction  via  solid— solid 
interface;  and  the  heat  exchange  between  the  porous  medium 
and  the  reactants  could  be  enhanced  by  convection  [27].  The 
porous  medium  is  an  inert  substance,  which  is  not  involved  in  the 
chemical  reactions.  It  plays  the  role  of  reactant  preheating  and 
energy  trapping.  In  this  study,  in  order  to  achieve  the  effectiveness 
of  excess  enthalpy  for  reforming,  the  reactants  were  preheated  by 
the  thermal  energy  stored  in  the  porous  medium  from  dry  auto¬ 
thermal  reforming  by  internal  heat  recirculation.  As  shown  in  the 
schematic,  excess  enthalpy  can  improve  the  reaction  temperature 


of  catalyst  bed  in  the  reforming,  and  the  temperature  even  higher 
than  the  equilibrium  adiabatic  temperature. 

Fig.  4  shows  the  reaction  temperature  on  the  theoretical  equi¬ 
librium  molar  yield  of  products  under  various  CO2/CH4  molar  ratios 
calculated  via  minimization  of  Gibbs  free  energy  by  using  HSC 
Chemistry  software  package  [28].  The  products  include  hydrogen 
and  carbon  dioxide  (in  Fig.  4A),  carbon  monoxide  and  water  (in 
Fig.  4B),  and  carbon  and  methane  (in  Fig.  4C).  The  reaction 
temperature  is  between  600-1200  °C.  The  parameters  for  dry 
reforming  were  set  as  C02/CH4  =  1  and  02/CH4  molar  ratio  between 
0  and  1.  It  can  be  found  in  Fig.  4(A),  (B)  and  (C),  when  02/CH4  molar 
ratio  is  zero,  and  the  high  temperature  is  favorable  for  carbon 
dioxide  and  methane  to  convert  to  hydrogen  and  carbon  monoxide. 
However,  the  carbon  formation  is  the  main  disadvantage  in  the  dry 
reforming.  Accordingly,  the  catalyst  might  be  deactivated  due  to  the 
carbon  deposition  on  the  surface,  or  even  the  reforming  reaction 
might  be  terminated.  In  order  to  prevent  the  carbon  formation  and 
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Fig.  3.  The  heat  recirculation  mechanism  of  porous  media  assisted  reforming. 
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Fig.  4.  Effect  of  reaction  temperature  on  molar  fraction  of  products  under  different  O 2/ 
CH4  molar  ratio. 


to  increase  the  fuel  conversion  and  syngas  production,  appropriate 
quantity  of  oxidant  can  be  added  for  oxidation  reaction.  Simulta¬ 
neously,  the  self-sustaining  reaction  could  be  achieved  because  of 
the  heat  release  of  oxidation  in  the  reforming  process.  However, 
excessive  oxygen  was  not  allowed.  The  theoretical  chemical  equi¬ 
librium  calculations  indicated  that  the  oxidant  could  react  with 
syngas  and  thereby  reduce  the  production  of  hydrogen  and  carbon 


monoxide.  Therefore,  the  dry  autothermal  reforming  reaction  has 
a  negative  impact  of  syngas  production  under  the  high  O2/C  molar 
ratio. 

Consequently,  the  main  composition  of  biomass  derived  gas, 
namely  50-75%  CH4,  25-50%  CO2,  was  used  for  the  reactant 
species  setting  in  this  study.  In  light  of  the  above,  the  reforming 
parameters  were  set  as  methane  feeding  rate  10  NLmin-1,  the  CO2 / 
CH4  molar  ratio  between  0  to  1  and  the  O2/CH4  molar  ratio  between 
0.5  to  1.0.  In  addition,  the  selected  porous  media  included  OBSiC, 
AI2O3,  Zr02,  Cordierite,  and  Fe-Cr-Al  alloy.  The  effect  of  reactant 
feeding  ratio  on  the  reforming  performance  was  investigated;  and 
then  the  excess  enthalpy  on  temperature  distribution  of  catalyst 
bed  with  different  porous  media  was  explored. 

4.  Results  and  discussion 

4.1.  Effect  of  excess  enthalpy  on  reaction  gas  temperature 

As  can  be  seen  through  enthalpy,  raising  the  O2/CH4  molar  ratio 
can  free  up  a  corresponding  heat  release  of  oxidation  to  provide  the 
energy  required  for  the  reforming  reaction.  Because  the  activity  of 
the  catalyst  is  dominated  by  the  surface  reactions,  this  study 
therefore  used  autothermal  reforming  to  supply  the  energy 
necessary  for  the  catalyst  surface  reaction.  The  next  step  is  to 
explore  the  effect  of  porous  media  on  the  reformate  gas  tempera¬ 
ture  in  the  catalyst  reaction  zone. 

Table  3  shows  a  comparison  of  photographic  observations  of 
internal  flow  fields  with  and  without  a  PM.  Each  observation  is 
divided  into  a  top  view  and  a  side  view.  The  top  view  displays 
a  schematic  diagram  that  mainly  showed  any  placement  of  porous 
media  within  the  internal  flow  field  before  the  reaction  (Table  3(B) 
and  (E)),  and  any  observed  fire-color  during  the  reaction  (Table  3(A) 
and  (D)).  The  side  view  displays  the  wall  heat  dissipation  of  the 
internal  flow  field  with  or  without  the  placement  of  a  porous  media 
(Table  3(C)  and  (F)).  The  reforming  parameters  consist  of  a  methane 
feed  flow  rate  of  10  NLmin-1  and  an  O2/CH4  molar  ratio  of  1,  with 
oxide-bonded  silicon  carbide  as  the  PM.  Temperature  data  in  the 
table  show  for  those  reactions  in  which  a  PM  was  placed,  the 
reformate  gas  temperature  of  each  position  of  the  catalyst  could 
effectively  be  raised  to  150-200  °C.  The  fire  observation  in  the  side 
views  of  Table  3(C)  and  (F)  show  that  adding  PM  can  effectively 
reduce  wall  heat  dissipation,  which  is  accomplished  mainly  by 
using  various  heat  recirculation  mechanisms,  such  as  conduction 
and  convection,  which  feed  the  heat  stored  in  the  wall  back  into  the 
PM.  Furthermore,  by  placing  a  PM  inside  the  flow  field,  the  speed  of 
the  gas  flow  inside  the  tube  and  the  area  of  heat  exchange  have 
increased  correspondingly;  strengthening  the  convection  heat 
transfer  effect  from  the  solid  to  the  gaseous  interface,  thereby 
preheating  the  upstream  reactants  and  reducing  wall  heat  loss.  In 
addition,  images  from  Table  3(A)  and  (D)  show  that  those  reactions 
with  a  PM  in  the  internal  reaction  flow  field  are  able  to  prevent  the 
low  temperature  fluid  from  directly  entering  the  catalyst  reaction 
zone,  which  overcomes  the  problems  of  temperature  and  concen¬ 
tration  gradients  in  the  radial  of  the  catalyst.  These  photographic 
observations  confirm  the  fact  that  the  porous  medium  installed  in 
front  of  the  catalyst  can  stimulate  the  gas  distribution  of  the  flow 
field  and  the  heat  recirculation  for  the  reforming  reaction. 

Fig.  5  shows  the  comparison  between  the  equilibrium  adiabatic 
temperature  and  the  measured  reformate  gas  temperature  exper¬ 
imentally.  The  parameters  for  the  methane  feed  rate  was  set  to 
10  NLmin-1  with  an  O2/CH4  ratio  of  0.5-1,  where  the  CO2/CH4  ratio 
was  between  0  and  1.  Reformate  gas  temperature  was  derived  from 
the  average  value  of  the  inlet,  middle  and  outlet  catalyst  temper¬ 
atures.  In  general,  the  higher  02/CH4  leads  to  the  larger  heat  release 
of  oxidation,  and  results  in  the  higher  corresponding  reformate  gas 
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Table  3 

Photographic  observation  on  with  or  without  porous  media  assisted  DATR. 

Without  PM  assisted  With  PM  (OBSiC_15ppi*L22  mm)  assisted 

Top  view  Side  view  Top  view  Side  view 


Note:  Reforming  mode:  P0X-CH4,  Feeding  rate:  10  NLmin  \  02/CH4=l,  Catalyst:  Pt-Rh  base  (Monolith).  Temperature  location:  Upstream  =  T1,  Middle-Stream  =  T2, 
Downstream  =  T3.  Temperature  distribution  of  catalyst  without  PM  assisted:  T1  =  930  °C,  T2  =  860  °C,  T3  =  851  °C.  Temperature  distribution  of  catalyst  with  PM  assisted: 
T1  =  1127  °C,  T2  =  1083  °C,  T3  =  1018  °C. 


temperature.  Overall,  the  trend  can  be  broadly  divided  into  two 
categories:  one  which  consists  of  an  internal  flow  field  with  a  PM, 
and  the  other  without.  Equilibrium  adiabatic  and  reformate  gas 
temperatures  have  a  highly  linear  relationship,  with  reformate  gas 
temperature  ranging  between  600  and  1100  °C. 

For  those  reactions  in  which  a  PM  was  installed  in  the  internal 
flow  field,  their  overall  reaction  temperatures  not  only  effectively 
were  improved,  but  could  be  higher  than  those  of  the  equilibrium 
adiabatic  temperatures.  It  confirmed  the  view  that  PM  can  achieve 
the  excess  enthalpy  on  a  reforming  reaction.  However,  the 
temperature  curve  also  shows  that  the  material  of  PM  has  made 
a  little  difference  in  the  reformate  gas  temperature.  Regarding 
those  reactions  which  did  not  include  a  PM  in  the  internal  flow 
field,  the  reformate  gas  temperatures  were  lower  than  the  equi¬ 
librium  adiabatic  temperature. 
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Fig.  6  shows  the  difference  in  temperatures  of  reformate  gases 
with  or  without  the  addition  of  porous  media  to  the  internal  flow 
fields.  Through  the  selection  of  parameter  settings  and  PM,  when 
the  O2/CH4  molar  ratio  is  1,  the  range  of  average  gas  temperature 
increased  by  121-218  °C;  when  the  O2/CH4  molar  ratio  is  0.75,  the 
range  of  average  gas  temperature  increased  by  between  19  and 
81  °C;  and  when  the  O2/CH4  molar  ratio  is  0.5,  the  range  of  average 
gas  temperature  increased  by  16-50  °C.  These  results  indicate  that 
the  higher  the  O2/CH4  molar  ratio,  the  more  significant  increase  in 
the  overall  temperature  was  obtained. 

Next,  the  temperature  distribution  at  various  positions  in  the 
upstream,  mid-stream,  and  downstream  sections  of  the  catalyst 
zone  was  investigated.  The  previously  collected  data  indicated  that 
under  different  materials  of  PM,  the  differences  in  temperatures 
followed  a  consistent  pattern.  The  gas  temperature  distribution 
with  OBSiC  made  medium,  which  has  a  high  thermal  diffusivity, 
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Fig.  7.  Reformate  gas  temperature  at  different  position  of  catalyst  under  various  0 2\ 
CH4  molar  ratio. 


4.2.  Effect  of  porous  media  assisted  DATR  on  performance  index  of 
reforming  process 

Next,  the  effect  of  PM  on  the  reforming  performance  index  of 
the  dry  autothermal  reforming  will  be  explored.  Fig.  8  shows  the 
effect  of  the  reformate  gas  temperature  on  the  methane  conversion 
efficiency  under  the  well  regulated  feeding  ratios  and  PM.  The 
theoretical  calculation  of  chemical  equilibrium  demonstrated  that 
the  higher  reaction  temperature  can  give  the  better  conversion  of 
methane,  as  shown  in  Fig.  4(C).  Therefore,  the  improvement  in 
methane  conversion  efficiency  can  be  attained  with  a  higher  02 / 
CH4  molar  ratio.  Under  the  experimented  parameters,  methane 
conversion  efficiency  can  be  roughly  divided  into  three  areas  based 
on  O2/CFI4  molar  ratio  settings.  When  the  O2/CFI4  ratio  reached 
0.75,  it  was  in  a  period  of  growth  exhibiting  a  significant  increase  in 
the  methane  conversion  efficiency.  By  the  time  the  O2/CFI4  ratio 
reached  1.0,  it  was  almost  completely  converted.  Therefore, 
methane  conversion  efficiency  is  clearly  related  to  reformate  gas 
temperature,  and  reformate  gas  temperature  is  related  to  feeding 
ratio  and  the  material  of  the  PM.  Therefore,  it  can  be  confirmed  that 
PM-assisted  excess  enthalpy  in  the  internal  flow  field  of  the 
reforming  reaction  not  only  can  improve  the  reformate  gas 
temperature,  it  can  also  significantly  increase  methane  conversion 
efficiency. 

Fig.  9  shows  the  relationship  of  energy  loss  to  reforming  effi¬ 
ciency  and  unconverted  methane  molar  fraction  in  products,  rela¬ 
tive  to  the  placement  of  porous  medium  in  the  internal  flow  field. 
Flere,  the  total  energy  loss  consisted  of  sensible  heat  energy  loss 
carried  away  by  the  products  during  the  oxidation  process,  and 
losses  due  to  reactor  wall  heat  dissipation.  The  results  demon¬ 
strated  that  the  energy  loss  was  in  the  range  of  8-31%,  which  was 
defined  in  Eq.  (6).  The  reforming  efficiency  is  determined  by  the 
ratio  between  the  reactant  and  the  product  heating  values  in  the 
reforming  reaction,  and  the  highest  value  measured  was  74%.  The 
reforming  efficiency  is  defined  by  Eq.  (7).  Overall,  those  reactions 
with  a  PM  installed  in  the  internal  flow  fields  were  able  to  attain 
a  better  reforming  efficiency  and  reduced  energy  loss  percentage. 
These  improvements  were  achieved  due  to  an  increase  in  the 
reformate  gas  temperature  under  excess  enthalpy,  which  exceeded 
the  equilibrium  adiabatic  temperature.  This  allowed  the  methane 
conversion  efficiency  to  improve  effectively,  increasing  the 
production  of  hydrogen  and  carbon  monoxide.  Flowever,  in  the 
autothermal  reforming  process,  both  of  the  reforming  efficiency 


was  further  investigated.  Fig.  7(A)  and  (B)  shows  the  relationship  of 
reformate  gas  temperature  distribution  under  the  well  regulated 
feeding  ratio,  with  the  O2/CFI4  molar  ratio  at  0.75  and  1.0,  and  the 
CO2/CFI4  ratio  set  between  0  and  1.  This  experiment  was  designed 
to  carry  out  autothermal  reforming,  which  included  partial  oxida¬ 
tion  reforming  and  carbon  dioxide  reduction  reactions.  Partial 
oxidation  had  a  comparatively  higher  equilibrium  constant,  and  the 
oxidation  reaction  easily  occurred  at  the  upstream  catalyst,  creating 
a  certain  catalyst  bed  temperature  gradient.  The  reformate  gas 
temperatures  were  measured  at  the  upstream,  mid-stream,  and 
downstream  positions  of  the  catalyst.  The  experimental  results 
show  that  when  the  internal  flow  field  is  configured  with  a  PM 
(OBSiC),  the  temperatures  of  the  upstream,  mid-stream,  and 
downstream  of  the  catalyst  are  not  only  higher  than  those  without 
the  PM,  they  are  also  able  to  increase  the  reaction  gas  temperature 
at  the  mid-stream  section  of  the  catalyst.  In  the  autothermal 
reforming  reaction,  high  CO2/CFI4  ratio  also  reduced  the  reformate 
gas  temperature.  The  higher  reforming  reaction  temperature  of 
those  assisted  by  PM  was  also  discovered  to  benefit  from  a  reverse 
water  gas  shifting  reaction.  Therefore,  CO2/CFI4  ratio  allocation 
generated  a  larger  temperature  gradient. 


Fig.  8.  Reformate  gas  temperature  on  methane  conversion  efficiency  under  varying 
reforming  parameters. 
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Fig.  9.  Relationship  between  energy  loss  percentage,  methane  molar  fraction  of 
products  and  reforming  efficiency  under  varying  reforming  parameters. 


and  the  energy  loss  percentage  must  be  considered  simultaneously, 
and  the  necessary  tradeoff  in  the  selection  of  parameters  was  to  be 
found.  In  this  study,  it  revealed  that  the  setting  of  02/CH4  molar 
ratio  at  0.75  could  achieve  a  better  reforming  efficiency  and 
a  relatively  low  energy  loss. 

Table  4  shows  the  installation  of  PM  on  the  reforming  perfor¬ 
mance  index,  in  which  non-porous  medium  (W/O  PM),  and  with 
the  PM  made  of  OBSiC,  PSZT,  AI2O3,  Cordierite,  and  Fe— Cr— Al  were 
separately  explored.  The  reforming  performance  included  catalyst 
reaction  temperature,  molar  fraction  of  products,  methane 
conversion  efficiency,  syngas  concentration,  hydrogen  and  carbon 
monoxide  selectivity,  equilibrium  adiabatic  temperature,  reforming 
efficiency,  thermal  efficiency,  energy  loss,  and  enthalpy  of  reaction. 
Among  them,  thermal  efficiency  was  calculated  using  Eq.  (8). 
Overall,  PMs  were  favorable  to  improve  the  catalyst  reaction 
temperature,  especially  AI2O3  and  Fe— Cr— Al.  However,  in  terms  of 
molar  fraction  for  products  and  reforming  performance  indicators, 
ceramic  materials  (OBSiC,  PSZT  and  AI2O3)  are  similar  to  each  other. 
Though  Fe-Cr-Al  was  able  to  raise  its  reaction  temperature,  its 
improvement  in  reforming  performance  was  insignificant. 
Although  PMs  did  not  participate  in  any  chemical  reactions  during 
the  reforming  reaction,  the  reforming  performance  was  affected  by 
the  variations  in  thermal  properties  and  geometry  of  PMs.  From  the 
perspective  of  thermal  properties,  OBSiC  media  possess  the 


characteristic  of  high  thermal  diffusivity,  which  is  suitable  for 
preheating  and  improving  the  convection  heat  transfer  between 
solid  and  gas  interface.  Zirconia  oxide  media  have  a  good  thermal 
resistance,  but  low  heat  capacity  and  conductivity.  Alumina  oxide 
media  are  high  heat  capacity  materials  that  are  most  commonly 
used  to  preheat  reactants  within  the  internal  flow  field,  but  which 
include  the  disadvantages  of  a  high  coefficient  of  thermal  expan¬ 
sion  and  a  small  thermal  shock  resistance  [29].  The  open  areas  of 
cellular  media  in  cordierite  and  Fe— Cr— Al  are  much  larger  than 
those  in  the  ceramic  foam.  The  reforming  effectiveness  of  honey¬ 
comb  monolith  was  rather  poor,  which  may  be  due  to  the  chan¬ 
neling  effect  within  the  honeycomb  geometry.  The  gas  was  not  able 
to  mix  thoroughly  within  the  limited  space,  resulting  in  poor 
convection  heat  transfer.  Thus,  PMs  with  a  small  pore  structure 
were  recommended  for  future  applications.  The  process  also 
revealed  that  OBSiC  medium  can  be  used  to  improve  the  overall 
conversion  effects,  and  its  reformate  gas  temperature  is  the  lowest 
among  all  the  tested  materials.  Perhaps  due  to  its  excellent 
convective  heat  transfer  effect,  OBSiC  medium  has  led  to  occur¬ 
rence  of  reductions  at  the  upstream  catalyst,  such  that  the 
temperature  at  the  upstream  section  of  the  catalyst  reaction  was 
decreased.  Next,  the  performance  index  of  the  reforming  reaction 
with  OBSiC  will  be  discussed. 

Fig.  10  shows  the  effect  of  reformate  gas  temperature  on  the 
produced  gas  concentration  and  the  enthalpy  of  reaction.  The 
parameters  for  reforming  were  set  as  the  methane  flow  rate  at 
10  NLmin-1,  C02/CH4  =  1  and  02/CH4  =  0.75.  CO2/CH4  =  1  is  the  best 
ratio  for  syngas  production  according  to  the  theoretical  calculation 
for  dry  reforming;  O2/CH4  =  0.75  is  the  best  parameter  found  in  this 
experiment,  and  the  best  reforming  efficiency  and  lower  energy 
loss  were  achieved.  Fig.  10  shows  the  comparison  of  values  gener¬ 
ated  from  the  theoretical  calculation  of  chemical  equilibrium  with 
experimental  values.  The  theoretical  calculation  of  chemical  equi¬ 
librium  used  the  minimization  of  Gibbs  free  energy  to  predict 
various  hydrogen-rich  gas  molar  fractions  generated  by  the 
reforming  process,  which  are  authenticated  by  experimental 
results.  Based  on  the  setting  of  the  experimented  parameters,  the 
reformate  gas  temperature  was  similar  to  that  generated  by  the 
theoretical  calculation  of  the  chemical  equilibrium.  Though  the 
reformate  gas  temperature  under  excess  enthalpy  with  PM  assist¬ 
ing  increased,  little  difference  was  made  to  the  concentration  of  the 
produced  gases.  Theoretical  calculations  also  indicated  that 
hydrogen  and  carbon  dioxide  will  generate  reverse  water  gas 
shifting  reaction  under  high  temperature  condition,  which  also 


Table  4 

Effect  of  the  PM  on  performance  index. 


W/O  PM 

OBSiC 

PSZT 

AI2O3 

Cordierite 

FeCrAl 

Temperature  of  catalyst  upstream  (°C) 

781 

801 

815 

834 

818 

833 

Temperature  of  catalyst  stream  (°C) 

721 

754 

764 

775 

761 

779 

Temperature  of  catalyst  downstream  (°C) 

710 

715 

721 

728 

726 

728 

Molar  fraction  of  products  (N2  Bal.) 

h2 

0.132 

0.180 

0.180 

0.179 

0.172 

0.166 

CO 

0.105 

0.128 

0.128 

0.128 

0.130 

0.122 

C02 

0.168 

0.155 

0.153 

0.154 

0.150 

0.158 

ch4 

0.056 

0.035 

0.034 

0.035 

0.037 

0.041 

h2o 

0.081 

0.062 

0.064 

0.063 

0.068 

0.067 

CH4  conversion  efficiency  (%) 

65.65 

77.50 

78.03 

77.39 

76.43 

73.90 

Syngas  concentration  (%) 

25.85 

32.79 

32.92 

32.81 

32.37 

30.92 

H2  selectivity  (%) 

61.95 

74.31 

73.79 

73.97 

71.62 

71.31 

CO  selectivity  (%) 

98.94 

105.27 

104.60 

106.07 

107.78 

104.54 

Equilibrium  adiabatic  temperature  (°C) 

752 

608 

592 

602 

596 

646 

Reforming  efficiency  (%) 

47.46 

63.54 

63.55 

63.51 

62.09 

59.06 

Thermal  efficiency  (%) 

81.81 

86.04 

85.52 

86.12 

85.66 

85.16 

Energy  loss  percentage  (%) 

19.81 

15.70 

15.06 

15.48 

15.23 

16.78 

Enthalpy  of  reaction  (1<J(0.405  mole-CH4)1) 

-64.0 

-50.7 

-49.0 

-50.0 

-49.2 

-54.2 

Note:  CO2/CH4  =  1,  O2/CH4  =  0.75,  CH4  feeding  rate  =  10  NLmin  \  Catalyst  selection  =  Pt/Rh  based  (Monolith). 
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Fig.  10.  Reaction  temperature  on  reformate  gas  concentration  and  enthalpy  of  reaction 
with  or  without  porous  media. 


promoted  the  transfer  of  carbon  dioxide  into  carbon  monoxide.  The 
theoretical  values  are  fairly  consistent  with  the  experimental 
results.  Due  to  excess  enthalpy  reaction,  the  enthalpy  from  the 
experimental  value  was  slightly  lower  than  the  theoretical 
prediction. 

Fig.  11  shows  the  improvement  in  the  reforming  performance 
index  of  OBSiC  media  assisted  dry  autothermal  reforming.  A 
number  of  performance  indices  could  be  referred  for  the  reforming, 
which  depend  on  the  field  of  application.  Among  them,  the  most 
important  reforming  performance  indicators  are  reforming  effi¬ 
ciency,  energy  loss  percentage,  selectivity,  and  conversion  effi¬ 
ciency.  As  shown  in  Fig.  11,  the  reforming  performance  indices 
could  be  raised  under  the  excess  enthalpy  reaction  with  the 
installation  of  PM  in  the  flow  field.  Though  the  increase  of  the 
calculated  average  temperature  of  the  reformate  gas  was  only  by 
2.6%,  the  improvement  of  methane  conversion  efficiency  was  by 
18%,  carbon  monoxide  selectivity  by  6.4%,  hydrogen  selectivity  by 
20%,  reforming  efficiency  up  to  33.9%,  and  energy  loss  percentage 
by  20.7%.  These  results  confirmed  that  dry  autothermal  reforming 
reaction  does  not  require  additional  energy,  but  instead  use  their 
own  internal  heat  recirculation  from  oxidation  to  improve  the 
reforming  performance  indices. 
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Fig.  11.  Improvement  percentage  of  reforming  performance  index  under  porous  media 
(OBSiC  foam)  assisted  dry  autothermal  reforming. 


5.  Conclusions 

Hydrogen-rich  syngas  production  by  dry  autothermal  reforming 
from  BDG  with  porous  media  under  excess  enthalpy  was  investi¬ 
gated  in  this  study.  The  reforming  parameters  included  methane 
feeding  rate,  C02/CH4  molar  ratio,  02/CH4  molar  ratio,  and  porous 
medium  material.  Hydrogen-rich  syngas  production  performance 
and  reaction  temperature  were  investigated  by  performing 
a  series  of  experiments.  The  conclusions  of  the  experimental 
results  were  obtained,  as  follows: 

1.  Based  on  the  fire  observation  and  reaction  temperature 
measurement,  the  reaction  temperature  of  the  catalyst  bed  and 
the  heat  loss  were  improved  by  the  porous  media  adoption. 
Therefore,  the  porous  media  arrangement  may  have  been 
helpful  in  preheating  the  reactant  by  heat  recirculation.  It  could 
contribute  to  the  uniformity  of  gas  distribution  to  decrease  the 
gradients  of  temperature  and  concentration  in  the  reaction 
chamber. 

2.  The  reformate  gas  temperature  of  the  dry  autothermal 
reforming  could  be  increased  with  the  assistance  of  a  porous 
medium,  possibly  higher  than  the  equilibrium  adiabatic 
temperature.  The  results  indicated  that  the  reformate  gas 
temperature  varied  with  equilibrium  adiabatic  temperature  in 
a  linear  relationship.  Additionally,  the  apparent  improvement 
of  temperature  increase  in  the  porous  medium  was  accompa¬ 
nied  by  higher  reformate  gas  temperature;  therefore,  the 
temperature  of  the  catalyst  reaction  zone  increased  substan¬ 
tially.  Consequently,  the  provision  of  external  energy  to  the  dry 
autothermal  reforming  was  not  required  for  a  self-sustaining 
reaction,  although  it  is  a  strongly  endothermic  reaction. 

3.  The  experimental  results  indicated  that  the  thermo-physical 
properties  and  geometry  could  affect  reformate  gas  concen¬ 
tration.  OBSiC  media  exhibit  characteristics  of  high  thermal 
diffusivity,  and  it  implied  that  it  increased  convection  heat 
transfer  between  the  solid  and  gas  interface  in  the  preheating 
zone.  Therefore,  better  syngas  production  was  achieved  under 
relatively  low  catalyst  reaction  temperature.  In  addition,  the 
honeycomb  structure  with  a  higher  opening  ratio  constrained 
the  benefit  of  internal  heat  recirculation  because  of  the  chan¬ 
neling  effect.  Therefore,  use  of  a  small  pore  structure  of  porous 
medium  is  recommended  for  the  preheating  zone. 

4.  Reforming  performance  improvement  was  achieved  on  dry 
autothermal  reforming  with  porous  media  assisting.  The 
improvement  in  methane  conversion  efficiency  was  18%,  CO 
selectivity  was  6.4%,  H2  selectivity  was  20%,  reforming  effi¬ 
ciency  was  33.9%,  and  energy  loss  percentage  was  20.7%, 
respectively  under  the  excess  enthalpy  reforming  reaction  with 
the  best  parameter  settings  (C02/CH4  =  land  02/CH4  =  0.75)  by 
the  OBSiC  porous  medium. 
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